Ubiquitin conjugation is a widely used and highly flexible means of altering the fate of target proteins. Ubiquitin is first activated by formation of a thioester bond between its C terminus and a cysteine residue of the E1 activating enzyme. It is then transferred to an E2 conjugating enzyme, again forming a thioester bond with the active site cysteine residue. Ubiquitin transfer is accomplished when the ε-amino group of a lysine side chain in the target protein attacks the thioester, yielding an isopeptide bond. This final step is usually catalyzed by a ubiquitin E3 ligase that recruits both the E2~ubiquitin (E2~Ub) thioester and the specific substrate 1,2 . There are two broad classes of ubiquitin E3 ligases: 'homologous to E6-AP C terminus' (HECT) ligases and 'really interesting new gene' (RING) ligases 3 . HECT-type ubiquitin E3 ligases contain a catalytic cysteine residue that forms a thioester intermediate with ubiquitin before the final transfer 1 . RING E3 ligases do not form a covalent intermediate, but catalyze direct transfer of ubiquitin from the E2~Ub thioester to a substrate. RING proteins contain a conserved arrangement of cysteine and histidine residues that coordinate two zinc atoms and cross-brace the folded structure.
a r t i c l e s
Ubiquitin conjugation is a widely used and highly flexible means of altering the fate of target proteins. Ubiquitin is first activated by formation of a thioester bond between its C terminus and a cysteine residue of the E1 activating enzyme. It is then transferred to an E2 conjugating enzyme, again forming a thioester bond with the active site cysteine residue. Ubiquitin transfer is accomplished when the ε-amino group of a lysine side chain in the target protein attacks the thioester, yielding an isopeptide bond. This final step is usually catalyzed by a ubiquitin E3 ligase that recruits both the E2~ubiquitin (E2~Ub) thioester and the specific substrate 1, 2 . There are two broad classes of ubiquitin E3 ligases: 'homologous to E6-AP C terminus' (HECT) ligases and 'really interesting new gene' (RING) ligases 3 . HECT-type ubiquitin E3 ligases contain a catalytic cysteine residue that forms a thioester intermediate with ubiquitin before the final transfer 1 . RING E3 ligases do not form a covalent intermediate, but catalyze direct transfer of ubiquitin from the E2~Ub thioester to a substrate. RING proteins contain a conserved arrangement of cysteine and histidine residues that coordinate two zinc atoms and cross-brace the folded structure.
Like ubiquitin, small ubiquitin-like modifier (SUMO) functions as a post-translational modification of other proteins 4 . SUMO-targeted ubiquitin ligases (STUbLs) are a conserved family of proteins that target SUMO-modified proteins for ubiquitylation [5] [6] [7] [8] [9] [10] , as typified by RING finger protein 4 (RNF4) in mammals [11] [12] [13] . STUbLs contain multiple SUMO-interaction motifs (SIMs) [14] [15] [16] and a RING domain, allowing them to specifically recognize poly-SUMO chains. In response to arsenic therapy, the promyelocytic leukemia protein (PML) is modified with a poly-SUMO chain that recruits RNF4, thus targeting the modified protein for ubiquitin-mediated degradation 12, 13 .
To determine the mechanism of RING-mediated ubiquitylation, we first obtained the structure of the homodimeric RNF4 RING domain from Rattus norvegicus. To probe the role of dimerization in RING function, we docked E2~Ub thioester onto the experimental structure of the RNF4 RING domain. The model shows the E2 bound to one monomer, while the thioester-linked ubiquitin engages the other monomer, potentially explaining the requirement for the dimer. The predicted interface between ubiquitin and RNF4 centers on the 'Ile44 hydrophobic patch' of ubiquitin and the conserved Tyr193 of the RNF4 RING. Mutation of these residues abolished the preferential interaction between the RING domain and ubiquitin-loaded E2, and abrogated ubiquitin E3 ligase activity. Thus, dimeric RING ligases such as RNF4 do not act as an inert scaffold, but mediate catalysis by binding E2~Ub thioester, activating the thioester bond and thus allowing efficient transfer of ubiquitin to substrate.
RESULTS

RNF4 RING domain is sufficient for ubiquitylation activity
RNF4 has a C-terminal RING domain required for ubiquitin E3 ligase activity 13 , while four tandem SIMs located in the N-terminal region provide specificity for binding to its substrate, poly-SUMO chains ( Supplementary Fig. 1a,b) . In the absence of substrate, RNF4 attaches ubiquitin to its internal lysine residues (autoubiquitylation). The isolated RING domain of RNF4 was active in autoubiquitylation, confirming that the RING domain is sufficient for ubiquitin transfer ( Supplementary Fig. 1c ). However, it was unable to ubiquitylate poly-SUMO-2 chains (Supplementary Fig. 1d ). We generated a linear head-to-tail fusion of four SUMO-2 molecules (termed 4× SUMO-2) as a model substrate for RNF4, as longer poly-SUMO chains (N ≥ 4) are efficiently ubiquitylated by RNF4 (ref. 13 ). 4× SUMO-2 underwent RNF4-dependent ubiquitylation with similar efficiency to that of isopeptide bond-linked SUMO-2 tetramers (Supplementary Fig. 2) .
To study the mechanism of RNF4-mediated ubiquitylation, we established a single-turnover substrate-ubiquitylation assay in which E2 (UbcH5a) was first charged with ubiquitin in the absence of substrate and E3. ATP was then depleted by the addition of apyrase to stop further E1-mediated loading of E2. Subsequently, RNF4 and substrate were added to initiate transfer of ubiquitin from E2 to substrate. 125 I-labeled 4× SUMO-2 was efficiently ubiquitylated by RNF4 (Fig. 1a,b) . Moreover, with the two substrates (4× SUMO-2 and E2~Ub) in excess, the reaction rate was linearly dependent on the concentration of RNF4 (for example, see Fig. 2e ).
RNF4 residues required for dimerization and E2 binding
As a first step in understanding RNF4-catalyzed ubiquitylation, we determined a 1.5-Å-resolution crystal structure of the RING domain of RNF4 ( Table 1 and Supplementary Fig. 3 ), which adopts a typical RING fold stabilized by two zinc ions coordinated by one histidine and seven cysteine residues. The RING domain crystallized in space group P4 1 32 with one monomer in the asymmetric unit, but was dimeric in solution ( Supplementary Fig. 4 ). In the crystal, the two subunits of a dimer are related by a crystallographic two-fold axis (Fig. 1c) . This is consistent with a recently published structure for the RNF4 RING domain 17 .
The dimer interface is formed mainly by residues from the three β-strands, together with residues at the very end of the C terminus of RNF4 (Fig. 1d) . In total, dimerization buries 518 Å 2 of surface-accessible area of a monomer. The aromatic ring of Tyr193 appears to shield the dimer interface, while a hydrogen bond between the amide nitrogen of Tyr193 and the carbonyl oxygen of Gly159 in the other subunit bridges the two monomers. Mutation of residues at the dimer interface (Val161, His190, Ile192, Tyr193 and Ile194; Fig. 1d ) disrupted dimerization (Supplementary Fig. 5 ). Monomeric RNF4 mutants were inactive, and only at ten times higher RNF4 concentration was limited substrate ubiquitylation detected (Fig. 1e) .
RNF4 has a mode of dimerization similar to that of the RING domains of cIAP2 (ref. 18 ), MDM2-MDMX 19 , and the U-box domain of Prp19 (ref. 20) . The structure of cIAP2 has also been solved in complex with E2 enzyme UbcH5b 18 . As RNF4 is active with the UbcH5 family of E2s 13 and several E2-interacting residues are conserved between cIAP2 and RNF4, we used the cIAP2-UbcH5b structure to model the interaction between RNF4 and UbcH5b (Fig. 1f) . To verify the model, we changed putative E2-interacting residues to alanine in full-length RNF4 (Fig. 1f) . With the exception of RNF4 I138A, the mutant proteins were correctly folded (Supplementary Fig. 5 ). Compared with wildtype RNF4, all mutations of putative E2-interacting residues reduced substrate-ubiquitylation activity of RNF4, and a double mutant, M140A R181A, showed no detectable E3 ligase activity (Fig. 1g) .
To assess dimerization, we used fluorescence resonance energy transfer (FRET). When enhanced cyan fluorescent protein (ECFP)-tagged RNF4 was mixed with yellow fluorescent protein (YFP)-tagged RING domain, a FRET signal was detected that leveled off within the first 20 s (Fig. 1h) . FRET was not observed when either YFP alone or dimerization-defective mutant YFP-RING I194A was added to ECFP-RNF4. A mutant with a disrupted E2-binding site (RING M140A R181A) Substrate-ubiquitylation activity of dimerization mutants of RNF4 was determined using the assay described for a. (Fig. 1h ) that contain one substrate and one E2-binding site, located in different monomers; therefore, ubiquitylation can proceed only in trans. When both RNF4 M140A R181A and RING WT were mixed, substantial substrate ubiquitylation was observed, whereas neither protein alone could efficiently ubiquitylate substrate ( Fig. 2a,b ). Substrate-ubiquitylation activity of dimerization-deficient RNF4 I194A was not rescued by addition of RING WT, confirming that a functional dimer is required for ubiquitylation activity of RNF4.
Ubiquitylation by RNF4 can proceed in trans, but is this an obligate requirement, or can the reaction also proceed in cis? To address this question, we titrated the RING domain with disrupted E2-binding site (RING M140A R181A) into a substrate-ubiquitylation reaction containing full-length wild-type RNF4 (RNF4 WT). If ubiquitylation by RNF4 must proceed in trans, then heterodimers of RNF4 WT and RING M140A R181A should not have substrate-ubiquitylation activity. Therefore, addition of an excess of RING M140A R181A to wild-type RNF4 should result in inhibition of E3 ligase activity (Fig. 2c) . However, addition of up to a 200-fold molar excess of RING M140A R181A led to an increase in substrate-ubiquitylation activity of wild-type RNF4, rather than a decrease (Fig. 2d) . Under the conditions used, substrate-ubiquitylation activity was proportional to concentration of RNF4 in the reaction (Fig. 2e) . As expected, RING M140A R181A efficiently formed dimers with full-length RNF4 (Supplementary Fig. 6 ). As the heterodimer (RNF4 WT-RING M140A R181A) is active, this suggests that ubiquitylation can proceed in cis. Thus, RNF4-mediated ubiquitylation can proceed both in cis and in trans, implying that dimerization, although required for ubiquitylation activity, does not impose or create a particular spatial orientation of substrate-and E2-binding sites.
RNF4 preferentially binds and activates ubiquitin-loaded E2
To gain insight into the mechanism of RING-catalyzed ubiquitylation, it would be desirable to interrogate a complex between the RING domain of RNF4 and UbcH5~Ub thioester. However, in the presence of RNF4, ubiquitin undergoes rapid transfer from E2 to lysine residues on the E3 in an autoubiquitylation reaction, precluding direct study. We thus changed the active site cysteine of UbcH5a to serine so that a more stable E2~Ub oxyester could be formed. In the absence of an E3, the UbcH5a C85S~Ub oxyester was stable, but after addition of RNF4 the oxyester underwent hydrolysis (Fig. 3a) . The isolated RING domain of RNF4 was as efficient as the full-length protein in hydrolyzing the oxyester (Fig. 3b) . The oxyester-linked ubiquitin was not transferred to lysine residues in RNF4, and formation of ubiquitin chains was not detected. Mass spectrometric analysis showed A heterodimer of the RNF4 RING domain and full-length RNF4 with disrupted E2-binding site (M140A R181A) should be active in a substrate-ubiquitylation reaction provided ubiquitylation by RNF4 can proceed in trans. S2, SUMO-2. (c) Schematic a r t i c l e s that a mixture of free ubiquitin (a product of hydrolysis) and ubiquitin linked to an amine group of a Tris molecule from the reaction buffer was released from the UbcH5a C85S~Ub oxyester after incubation with RNF4 ( Supplementary Fig. 7) . The oxyester was also cleaved by RNF4 in buffers lacking primary amine groups (MOPS and HEPES).
These results indicate that binding of the UbcH5a C85S~Ub oxyester to the RING domain of RNF4 activates the oxyester bond between ubiquitin and E2. We therefore asked whether dimerization of the RING domain has a role in the activation of the oxyester bond. Compared to wild-type RNF4, all the dimerization mutants were inefficient in hydrolyzing the UbcH5a C85S~Ub oxyester (Fig. 3b) . Thus, the ability of the mutant proteins to cleave the UbcH5a C85S~Ub oxyester closely correlated with their substrate-ubiquitylation activities. Moreover, this assay uncouples RING-mediated activation of the bond connecting E2 and ubiquitin from transfer of ubiquitin to lysines.
Since neither the UbcH5a~Ub thioester nor the UbcH5a C85S~Ub oxyester is stable in the presence of RNF4, we generated a double mutant, UbcH5a N77A C85S, with the aim of producing a stable linkage between UbcH5a and ubiquitin. Asn77 is thought to stabilize the oxyanion intermediate formed when a lysine residue from the substrate attacks the E2~Ub thioester bond 22 . Indeed, UbcH5a N77A C85S~Ub was stable both in the absence and presence of RNF4 (Supplementary Fig. 8a) . A mixture of UbcH5a N77A C85S, free ubiquitin and the E2~Ub oxyester was incubated with maltose-binding protein (MBP)-tagged RNF4 and bound proteins collected on amylose beads. Ubiquitin-charged UbcH5a was preferentially bound by RNF4 (Fig. 3c) . Free UbcH5a interacted weakly, whereas binding of free ubiquitin could not be detected. Monomeric mutants of RNF4 (I192A and I194A) did not show this preferential binding of E2~Ub, nor was any interaction observed with the E2 binding-deficient RNF4 M140A R181A.
Given that the UbcH5a~ubiquitin oxyester preferentially binds RNF4, the RING domain could have an additional interaction site for ubiquitin. Thus, the strict requirement for RING dimerization could be a consequence of UbcH5a binding to one monomer while the linked ubiquitin binds to the other monomer of RNF4. In a modeling program, we positioned the UbcH5~ubiquitin thioester onto the RING domain of RNF4, using the structure of UbcH5b bound to the RING of cIAP2 (ref. 18 ) to position the E2 on RNF4. A structure of the E2~Ub thioester was based on the structure of the UbcH5b~ubiquitin oxyester 23 . We generated the model manually by changing the position of ubiquitin relative to the E2 while retaining the thioester linkage. It is feasible to place ubiquitin across the dimer interface of the RING domain: this positions the E2 on one monomer in RNF4 while the linked ubiquitin reaches across the molecule and binds to residues at the dimer interface in the other monomer (Fig. 3d) . In this model, the planar ring of Tyr193 of RNF4 engages the Ile44 hydrophobic patch of ubiquitin, centered on Ile44 and composed of Leu8, Val70 and Ile44. There are also potential contacts between the side chain of Leu152 of RNF4 and ubiquitin (Fig. 3e) .
Ile44 patch of ubiquitin is required for RNF4 activity
Most ubiquitin-binding domains interact with a solvent-exposed hydrophobic patch in ubiquitin that is centered on Ile44 and includes Leu8 and Val70 (ref. 24) . Our model predicted this same surface was involved in recognition of the RNF4 RING domain. To test this, we used ubiquitin molecules in which the hydrophobic-patch interface was altered by mutagenesis (L8A, I44A and V70A). All ubiquitin mutants were efficiently loaded as thioesters onto UbcH5a (Fig. 4a) . However, L8A and I44A were inactive in substrate ubiquitylation (with <0.5% the activity of wild-type ubiquitin), whereas V70A showed reduced activity (Fig. 4b) . Mutation of other interaction sites on ubiquitin (F4A and D58A) [25] [26] [27] had no effect on substrate ubiquitylation. The intrinsic ability of UbcH5a charged with I44A ubiquitin to transfer the I44A ubiquitin to poly(l-lysine) in the absence of an E3 (ref. 28 ) showed a modest defect compared to UbcH5a loaded with wild-type ubiquitin (33% of wild-type activity) (Fig. 4c) . However, this reduction in activity was small compared to the 200-fold difference in E3-dependent ubiquitylation activity. The oxyester bond between ubiquitin I44A and UbcH5a C85S was completely resistant to RNF4-mediated hydrolysis (Fig. 4d) , and the conjugate between UbcH5a C85S and ubiquitin I44A did not interact with RNF4 (Fig. 4e) . As expected, mutation of the E2-binding site in RNF4 M140A R181A abrogated binding to ubiquitinloaded E2 (Fig. 4e) . It should be noted that under the conditions used, binding of free E2 to RNF4 was not detected. Free E2 pulled down by wild-type RNF4 is a product of RNF4-mediated hydrolysis of the UbcH5a C85S~Ub oxyester (Supplementary Fig. 8b) .
Thus, the Ile44 hydrophobic patch on ubiquitin is required for RNF4-mediated catalysis. However, this region also forms a noncovalent interaction with UbcH5 that influences processivity of ubiquitin addition 23, 29 . This interaction is abolished by an S22R mutation in UbcH5 (ref. 29) . Although substrate ubiquitylation with UbcH5a S22R was somewhat reduced, binding of UbcH5a S22R C85S~Ub oxyester to RNF4 and RNF4-induced hydrolysis of the oxyester was similar to wild-type (data not shown). Thus, the loss of activity seen with the Ile44-patch mutants of ubiquitin is not due to disruption of the noncovalent interaction between UbcH5a and ubiquitin.
Role of Tyr193 of RNF4 in E3 ligase activity
In the model of RNF4 bound to UbcH5 loaded with ubiquitin, the E2 binds to one monomer and ubiquitin reaches across the dimer 1 0 5 6 VOLUME 18 NUMBER 9 SEPTEMBER 2011 nature structural & molecular biology a r t i c l e s with the Ile44 hydrophobic patch engaging Tyr193 of the other RNF4 monomer (Fig. 3d,e) . Tyr193 is required for dimerization, as the Y193A mutant is monomeric (Supplementary Fig. 5 ) and inactive as an E3 ligase (Fig. 1e) . However, this residue is not buried in the dimer interface, but is surface exposed and appears to function by shielding the dimer interface (Fig. 1d) . We therefore changed Tyr193 to histidine, reasoning that this mutant would retain the shielding function but, as the side chain of histidine is hydrophilic rather than hydrophobic, would be unable to interact with the hydrophobic patch on ubiquitin. RNF4 Y193H (and Y193W) retained ability to dimerize, as assessed by gel-filtration chromatography, and its addition to a mixture of YFP-RING domain and ECFP-RNF4 led to a reduction in FRET signal. In contrast, monomeric RNF4 Y193A was unable to effect the reduction in FRET (Fig. 5a) . As expected, the monomeric mutants were inactive in single-turnover substrateubiquitylation reactions. The Y193H mutant, although dimeric, was inactive, whereas Y193W (which retains hydrophobic character) had only a moderate reduction in ubiquitylation activity (Fig. 5b) . Figure 4 The Ile44-centered hydrophobic patch on ubiquitin is required for RNF4-mediated ubiquitylation. (a) Ubiquitin mutations used in b do not affect formation of the UbcH5a~Ub thioester. UbcH5a was incubated with ubiquitin (wild-type or mutant as indicated) in the presence of Ube1 and ATP, followed by nonreducing SDS-PAGE analysis. (b) Effects of mutations in ubiquitin on substrate-ubiquitylation activity of RNF4. 4× SUMO-2, radiolabeled with iodine-125, was used as substrate. Data are shown as mean ± s.d. of duplicate reactions. The experiment was performed twice. (c) Mutation I44A in ubiquitin causes a modest defect in E3-independent transfer of ubiquitin to poly(l-lysine). UbcH5a~1 25 I-Ub thioester was incubated with poly(l-lysine), and samples were taken at indicated times. Subsequently, poly(l-lysine) from samples was purified on SP-Sepharose resin, and radioactivity captured on the beads was quantified by γ-counting. Initial rates were determined from the first three time points. Data are shown as mean ± s.d. of duplicate reactions. (d) The Ile44 patch on ubiquitin is essential for RNF4-mediated cleavage of E2~ubiquitin oxyester. The UbcH5a C85S~Ub oxyester was incubated in the presence or absence of RNF4, and reaction progress was analyzed by SDS-PAGE, followed by staining with SYPRO orange. Reaction rates represent mean ± s.d. of duplicate reactions. The experiment was performed three times. (e) The Ile44 patch on ubiquitin is required for the interaction between ubiquitinloaded E2 and RNF4. A mixture of UbcH5a C85S, ubiquitin and the UbcH5a C85S~Ub oxyester was briefly incubated with either MBP or MBP-RNF4 immobilized on amylose beads, followed by a quick washing step. Bound material was resolved by SDS-PAGE. WB, western blot.
a r t i c l e s
Mutation of Leu152 in RNF4, which appears to contact ubiquitin in our model (the L152A mutant is also dimeric), resulted in a modest reduction in ubiquitylation activity (Fig. 5b) . RNF4 Y193H was unable to efficiently catalyze hydrolysis of the UbcH5a C85S~Ub oxyester (Fig. 5c) . Neither RNF4 Y193A nor RNF4 Y193H bound UbcH5a~ubiquitin (Fig. 5d) . To rescue its ubiquitylation activity, the Y193H mutant of RNF4 was mixed with a mutant bearing a disrupted E2-binding site (RNF4 M140A R181A). Although the individual molecules were inactive, the heterodimer showed substantial substrateubiquitylation activity (Fig. 5e) . We infer that in the heterodimer, the E2 component of the E2~ubiquitin thioester binds to the Y193H subunit while the ubiquitin component of the E2~ubiquitin thioester engages Tyr193 of the M140A R181A subunit of RNF4, recreating a functional ubiquitin E3 ligase. Figure 5 Tyr193, a residue located at the dimer interface of the RNF4 RING domain, is required for activation of the thioester bond in the E2~ubiquitin thioester. (a) The ability of RNF4 Y193H to dimerize was assessed using a FRET-based dimerization assay. Unlabeled RNF4 was titrated into a mixture of ECFP-RNF4 and YFP-RING domain, and FRET signal was measured. Data points represent mean ± s.d. of triplicate measurements. (b) Mutational analysis of the predicted ubiquitin-binding site on the RNF4 RING domain. Several mutations of Tyr193 were generated. Mutations to alanine and leucine disrupted RNF4 dimerization, but mutations to tryptophan and histidine did not. Substrate-ubiquitylation activity of the mutant proteins was determined using the single-turnover assay described in Figure 1a. (c) Tyr193 in RNF4 is required for efficient hydrolysis of the E2~ubiquitin oxyester. The UbcH5a C85S~Ub oxyester was incubated with RNF4 (wild-type or mutant as indicated) and the rate of oxyester hydrolysis was determined. (d) Mutation Y193H in RNF4 disrupts binding to the E2~ubiquitin oxyester. A pull-down experiment was performed as in Figure 4e . (e) Ubiquitylation activity of RNF4 Y193H can be rescued by addition of an inactive RNF4 mutant with disrupted E2-binding site (RNF4 M140A R181A). Substrateubiquitylation activity was determined as in Figure 1a . Final concentration of RNF4 mutants in the reaction was either 0.55 µM (+) or 1.1 µM (++). In b,c,e, data represent mean ± s.d. of duplicate reactions. The experiments were performed twice. 
r t i c l e s
As the RNF4 RING is in dynamic equilibrium between monomer and dimer and only the dimer is active, the concentration of dimer is crucial in evaluating the activity of RNF4. The homodimeric nature of RNF4 also means that it is not possible to introduce mutations into only one subunit of the dimer. To overcome these problems, we used a strategy previously employed for BRCA1-BARD1 (ref. 30) in which the two monomers are fused into a single polypeptide. The RNF4 RING crystal structure reveals that the C terminus of one RING is close to the N terminus of the other RING (Fig. 1c) . We therefore fused the C terminus of full-length RNF4 to residue 131 at the N terminus of the RING domain to create the fusion protein containing a single substrate-binding site at the N terminus and two RING domains linked via a short spacer (Fig. 6a) . Thus, mutations in the E2-binding site and Tyr193 can be asymmetrically introduced into the fusion protein. Consistent with our model, mutation of the E2-binding site (M140A R181A) in only one RING did not affect substrate-ubiquitylation activity (Fig. 6b) . Likewise, introduction of the Y193A mutation into one RING was without consequence; however, introduction of the E2-binding site mutations or the Y193A mutation into both RINGs markedly reduced ubiquitylation activity (Fig. 6b) . Combining the E2-binding site mutations with the Y193A mutation in the same RING abrogated E3 ligase activity, whereas introducing the E2-binding site mutations into one RING and the Y193A mutation into the other RING yielded wild-type activity (Fig. 6b) . These data confirm the requirement for the E2-binding site and Tyr193 to be present on opposite subunits of the RNF4 dimer.
To establish the role of Tyr193 in ubiquitin transfer, we carried out Michaelis-Menten analysis of substrate ubiquitylation, comparing fusion proteins that have E2-binding site mutations and the Y193A mutation in the same RING or in different RINGs. With 4× SUMO-2 substrate in excess, initial rate measurements of substrate ubiquitylation were collected at a range of concentrations of ubiquitin-loaded E2. The RNF4-RING fusion with E2-binding site mutations and Y193A mutation in different RINGs, which showed wild-type activity, had a lower K M for ubiquitin-loaded UbcH5a (2 µM compared to 16 µM) and a higher v max (14.2 nM s −1 compared to 1.45 nM s −1 ) than the otherwise identical fusion construct with the E2-binding site mutations and Y193A mutation in the same RING (Fig. 6c) . This suggests that ubiquitin-loaded E2 has a higher affinity for the RING dimer when it can engage the Tyr193 residue from the RING subunit that does not interact with E2. However, the data also indicate that engagement of Tyr193 in the RING by ubiquitin-loaded E2 has a direct effect on catalysis. Consistent with the effect on K M , the RNF4-RING fusion proteins with E2-binding site mutations and Y193A mutation in the same RING did not efficiently bind ubiquitin-loaded E2, whereas versions of RNF4-RING with these mutations in opposite RINGs showed selective binding of ubiquitin-loaded E2 (Fig. 6d) .
DISCUSSION
Dimeric RING ubiquitin ligases are modular proteins containing a substrate-binding domain and a RING domain that is the catalytic engine of ubiquitylation. This is exemplified by RNF4, in which the N-terminal domain binds to the poly-SUMO substrate, whereas the RING domain is responsible for ubiquitin transfer. RING dimerization is essential for ubiquitin E3 ligase activity of RNF4, but a mechanistic understanding of this requirement has remained elusive 17 . Modeling suggested that UbcH5 could bind to one monomer of RNF4 while the thioester-linked ubiquitin reached across the molecule to contact the other monomer of the dimer. In this model, the hydrophobic patch centered on Ile44 of ubiquitin engages the conserved Tyr193 located at the dimer interface. Mutation of residues in the hydrophobic patch of ubiquitin abrogated RING-dependent transfer of ubiquitin to substrate, preferential binding of ubiquitin-loaded E2 to the RING, and RING-dependent activation of the E2~ubiquitin bond. RNF4 Y193H, although dimeric, was inactive and unable to preferentially bind ubiquitin-loaded UbcH5a, consistent with the requirement for a hydrophobic residue to engage the Ile44 patch. The other crucial interface was between UbcH5a and the RING: mutations in the RING that disrupted this interaction resulted in an inactive E3 ligase and abolished binding of ubiquitin-loaded E2.
Creation of a fusion between the two RINGs of RNF4 allowed us to directly test the requirement for the E2-binding site and Tyr193 within the context of the dimer. Mutating these sites in the same RING markedly reduced ubiquitylation, whereas a dimer with these mutations in opposite RINGs had wild-type activity. Michaelis-Menten analysis revealed that the lower activity in the former mutant was due to a higher K M for ubiquitin-loaded E2 and a lower v max for ubiquitin transfer to substrate. These data, together with our direct binding data, suggest that an E2-binding site in one RING and Tyr193 in the other RING are both required to recruit the ubiquitin-loaded E2. Presumably, this interaction alters the conformation of the active site of the E2, facilitating ubiquitin transfer to a lysine residue in substrate. This is consistent with our data, which indicate that binding of both E2 and ubiquitin to RNF4 causes activation of the thioester bond in E2~Ub. Once isopeptide bond formation has taken place, the weak binding of free E2 and ubiquitin would favor their dissociation and facilitate rapid rebinding of ubiquitin-charged E2, required for processive synthesis of ubiquitin chains 31, 32 .
Homo-or heterodimerization has been observed for a number of RING-type ubiquitin E3 ligases, including cIAP2 (ref. 35, 36 . Even though the structural elements that form dimerization interfaces in these dimers vary, the relative orientation of the two RING or U-box domains is similar. As dimerization is necessary for ubiquitylation activity, this suggests similar catalytic mechanism for these dimeric ubiquitin E3 ligases.
Our results indicate that the RING domain of RNF4 contacts both E2 and ubiquitin upon binding to the E2~Ub thioester. A similar finding has recently been reported for the HECT-type ubiquitin E3 ligase NEDD4L; a structure of this ligase with UbcH5b~Ub reveals that extensive noncovalent interactions between ubiquitin and the HECT domain are required for proper positioning of the E2 and E3 active sites 37 . An interesting interaction has also been observed between UbcH5~Ub and SspH2, an atypical bacterial ubiquitin E3 ligase 38 . SspH2 has no detectable affinity for free UbcH5, but binds to ubiquitin-charged UbcH5, recognizing regions on both E2 and ubiquitin 38 . Although these E3 ligases are mechanistically very different, noncovalent interactions between ubiquitin and E3 might be a common theme in E3-catalyzed ubiquitylation reactions.
In our model, the ubiquitin linked to the E2 is in an extended conformation that is based on the structure of a UbcH5b~ubiquitin oxyester 23 , in which the Ile44 hydrophobic patch of ubiquitin engages in a 'backside' interaction with UbcH5b. While this backside interaction may be important for processive ubiquitin addition, it is not required for substrate ubiquitylation mediated by RNF4, as an S22R mutation in UbcH5a had a much smaller effect on substrate ubiquitylation than mutations of the Ile44 patch in ubiquitin. Even in the absence of this backside interaction, the UbcH5a~ubiquitin is likely to be in an extended conformation, as this has been observed by NMR for the UbcH5c S22R C85S~ubiquitin conjugate 39 . Recent studies on K11 chain synthesis by Ube2S have suggested that the donor a r t i c l e s ubiquitin also makes noncovalent contacts via the Ile44 hydrophobic patch with the E2 to which it is thioester-linked 40 . This interaction has also been shown to be important in enabling ubiquitin to act as a donor for chain initiation or elongation by ubiquitin-loaded Cdc34 (ref. 41 ). Although I44A ubiquitin had a reduced inherent ability to be transferred from E2 to substrate in the absence of an E3 (Fig. 4c) , this effect was rather modest (activity 33% that of wild type) and is unlikely to account for the large E3-dependent effect (activity <0.5% of wild type) that we observed with this mutant (Fig. 4b) .
RING-domain ubiqutin E3 ligases are often viewed as scaffold proteins that bring ubiquitin-charged E2 and a substrate into close proximity and thus facilitate transfer of ubiquitin from E2 to the substrate. However, our data indicate that dimeric RING-type ubiquitin E3 ligases have a more active role, facilitating catalysis by binding both E2 and ubiquitin and thus activating the E2~Ub thioester bond.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. Protein Data Bank: Coordinates and structure factors for the RING domain of RNF4 have been deposited under accession code 2XEU.
